Brown bead (also called brown bud) in broccoli is a poorly documented physiological disorder. The disorder was first reported after farmers noticed its occurrence in California and Mexico, particularly during warm summers (Flint, 1985) . Although brown bead is now sporadic and not of significant importance in California, the disorder has been reported in Spain , and Canada (Hildebrand, 1994) . For broccoli growers of southwestern Quebec, it represents one over 36 °C, 5 d prior to harvest. In Canada, periods of high temperature followed by abundant rainfall inducing rapid growth of broccoli were associated with brown bead (Hildebrand, 1994) .
Brown bead has also been associated with low calcium levels in the rapidly growing head tissue of broccoli (Flint, 1985; Steta, 1987) . Other studies have reported that broccoli showing brown bead had higher Ca and lower K content compared with healthy buds (Pascual et al., 1996) . Foliar application of calcium chloride did not show consistent results in reducing brown bead damage .
The objectives of this study were to: 1) quantify the importance of brown bead damage over three growing seasons; 2) describe the severity of brown bead symptoms and relate it to the incidence of the disorder; and 3) determine, under field conditions, whether cultural practices affect the incidence and severity of brown bead in broccoli.
Materials and Methods
Field layout. Thirteen experimental 'Everest' broccoli fields in 1997, 18 in 1998, and 10 in 1999 were selected at the 600-acre farm of Paul Cousineau and Sons (St-Constant, Que., lat. 45°22´N, long. 73°37´W). The date of planting or seeding as well as the soil type, previous crop, and bed type varied among experimental fields. There were eight fields in fine clayey silt Saint Blaise (orthic humic gleysol, fine clayey over loamy, mixed, neutral, alkaline, strongly calcareous, mild, and subaquic) and 33 fields in clay Sainte Rosalie (orthic humic gleysol, very fine clayey, mixed, neutral, mild, and subaquic.). Thirteen fields were grown in the previous crop year with corn (Zea mays L.), 12 fields with soybean of the major causes of rejects along with clubroot (Plasmodiophora brassicae W.).
Brown bead symptoms consist of a yellowing, followed by a tan or copper coloration of the unopened floral buds of broccoli as they approach marketable maturity (Fig. 1) . Brown buds develop at or near the apical portions of the multiple branches of the primary inflorescence (Steta, 1987) . As the disorder becomes more severe, it spreads through the inflorescence and the flower buds easily detach. The necrotic tissues often drop off and secondary infections of soft rotting bacteria (Erwinia and Pseudomonas sp.) may cause further damage (Hildebrand, 1994) .
Certain cultivars are more susceptible to this preanthesis flower abortion; for example, 6% and 4% of 'Coaster' and 'Shogun' heads showed symptoms compared with 35% with 'Skiff' . In California, rapid growth associated with temperatures above 25 °C and low relative humidity tended to increase brown bead incidence (Steta, 1987) . In Spain, the average maximum temperature during the 5 d preceding marketable maturity was highly correlated with the proportion of broccoli heads with brown bead (LopezGalarza et al., 1993) . Close to 10% of broccoli heads got brown bead at temperatures under 30 °C, and >50% when temperatures were [Glycine max (L.) Merr.], 11 fields with pea (Pisum sativum L.), and five with cereal. Beds were formed during the spring in nine fields and during the fall in the 32 others. In each experimental field, the four following N treatments were applied randomly to two blocks: 1) N at 85 kg·ha -1 applied before planting only (85-0-0); 2) N at 85 kg·ha -1 applied before planting, and 54 kg·ha -1 5 weeks after establishment (85-54-0); 3) N at 85 kg·ha -1 applied before planting; 54 kg·ha -1 5 weeks after establishment and 54 kg·ha -1 7 weeks after establishment (85-54-54); and 4) N at 85 kg·ha -1 applied before planting, 54 kg·ha -1 5 weeks after establishment, and 108 kg·ha -1 7 weeks after establishment (85-54-108) . Phosphorus and potassium were prescribed according to soil tests. Weeds and insects were controlled according to local recommendations [Conseil des Productions Végétales du Québec (CPVQ), 1995]. Overhead irrigation was applied at seeding or planting and after emergence during dry periods.
Over the 3-year study, data were collected from 328 plots (41 experimental fields × 4 N fertilization levels × 2 blocks), consisting of four 1-m-wide beds × 5 m long. Each bed contained two rows of broccoli. Twenty-six broccoli experimental fields were direct-seeded between 14 May and 20 June 1997, 16 Apr. and 25 June 1998, and 7 May and 4 June 1999. They were all thinned to a density of 11.6 ± 0.15 plants/m 2 . Broccoli was also transplanted into 15 experimental fields between 18 and 21 May 1997, 30 Apr. and 24 July 1998, and 12 and 25 May 1999 at a density of 7.3 ± 0.07 plants/m 2 . Broccoli heads were harvested between 17 July and 13 Sept. 1997 , 30 June and 28 Sept. 1998 , and 14 July and 23 Aug. 1999 .
Measurement of brown bead symptoms. Measurements were made on four 4-m-long rows (two beds of two rows) of broccoli plants. The incidence of brown bead was expressed as the proportion of plants presenting the symptoms (BBP). The severity of symptoms was evaluated on each head at commercial maturity (Table 1 ). The number of brown florets (F) was recorded if the symptoms were light (F ≤ 10). If the number of brown florets was >10 and grouped in parts of the inflorescence, the area of the affected surface was evaluated (G, in cm 2 ). When the symptoms were severe (G > 2 cm 2 ), the proportion of the head surface area with brown bead symptoms was evaluated (S, Table 1 . Evaluation of brown bead severity in broccoli on a 0-8 scale based on the number of brown individual florets (F), the surface area (in cm 2 ) of groups of brown florets (G), and the proportion of the head surface area showing symptoms (S).
Severity index of brown bead
Description of symptoms 0
No symptom 1 F ≤ 5 2 5 < F ≤ 10 3 10 < F 4 G < 1 5 G = 1 6 1 < G or S ≤ 0.25 7 0.25 < S ≤ 0.5 8 0.5 < S Fig. 2 . Percentage of marketable broccoli heads, heads presenting brown bead symptoms, and heads rejected for other reasons, such as rots, clubroot, or a diameter <10 cm. from 0 to 1). An index of severity (from 0 to 8) was then evaluated for each head on the basis of these observations (Table 1) . A value of brown bead severity was then calculated for each plot as the average index for the heads showing the symptoms only (BBI). Marketable heads were counted in each plot at commercial maturity, which is defined as the time when 50% of the heads reached 10 cm in diameter.
Statistical analyses. The arcsine transformation, X´ = arcsin (X 0.5 ), was applied to the BBP data because these were proportions (Sokal and Rohlf, 1995) . Although the BBI data were basically ranks, these ranks were averaged over a large number of broccoli heads in each plot to yield the observations used for the variable in the analyses. The central limit theorem thus applies and the BBI variable can be analyzed with parametric methods (Sokal and Rohlf, 1995) . Outliers were detected using the method of Tukey (1977) , and removed following the method of Grubbs (1969) .
In a preliminary step, Barlett's test for homoscedasticity (Sokal and Rohlf, 1995) was carried out, and both transformed BBP and raw BBI variables were found to have homogeneous variances among years. Therefore, the analysis of variance (ANOVA) was carried out on the pooled data of the 3 years. We first carried out the ANOVA with field and block (nested within field) in the model. These terms were consistently nonsignificant and were therefore dropped from the final analysis. The final model included only the terms for year, fertilization, and the interaction between the two. Since we considered the year factor to be random, the N fertilization main effects were tested against the year × N fertilization interaction when this interaction was significant. For each N fertilization level separately, and for all levels combined, the effects of previous crop and planting vs. seeding were tested in an ANOVA model including the effects of soil and year and their interaction. Given the incompleteness of the factorial combinations, the effect of previous crop and planting vs. seeding were nested within the year × soil interaction. All analyses of variance were carried out with the procedure GLM (SAS Institute, 1997), and the least-squares means were used in the mean separation with the Bonferroni correction (Steele et al., 1997) .
Results and Discussion
Over the 3 years of the experiment, 7% to 17% of the heads were unmarketable because of brown bead symptoms, while 17% to 27% of the broccoli heads were rejected for other reasons, such as clubroot, small heads, or rot (Fig. 2) . Brown bead damage was more important in 1999, which was a particularly hot and dry year (Fig. 3) . During the period between 21 June and 7 Oct., the mean temperature was 17.6 °C in 1997, 18.5 °C in 1998, and 19 °C in 1999, with 869, 778, and 691 mm of rain for each year, respectively. In 1999, 17% of the broccoli heads were presenting brown bead symptoms, and 22% of the heads were rejected for other causes.
When a plot showed <10% of broccoli heads with brown bead (Fig. 4) , symptoms could range from light (index of 1) to severe (index of 8). As more heads were affected, the range of symptoms tended to narrow. In plots with >20% of heads showing brown bead, 87% of these heads showed symptoms with an index of severity between 3 and 6. Similar tendencies were observed for each year. The lack of correlation between BBP and BBI justified the use of both variables to characterize brown bead. This lack of correlation was combined with an apparent decrease of the variance of severity with increasing value of incidence (Fig. 4) .
In the absence of significant year × N fertilization interaction, the effect of N fertilization on BBP and BBI was consistent among years (Table 2) . However, the incidence (P = 0.0001) and severity (P = 0.0080) of brown bead significantly varied from year to year. Nitrogen fertilization had a significant effect on the proportion of heads with brown bead (P = 0.0078), but not on the severity of symptoms. Fewer plants had brown bead with greater levels of N fertilization, especially with 85-54-54 and 85-54-108, compared with plots receiving 85-0-0 or 85-54-0 of N. Those plots with more N fertilization also tended to have a greater number of marketable heads (Table 2) . Twenty percent more marketable heads were obtained with the 85-54-108 N fertilization treatment compared with the 85-0-0 treatment. Although the effect of N on the severity of brown bead was not statistically significant, the average index of severity decreased from 3.87 to 3.30 as greater amounts of N were applied.
Whether the bed was formed in the previous fall or in the spring did not influence the presence or severity of brown bead symptoms in 1997 and 1998 (data not shown). Since only fall-formed beds were used in 1999, this factor was not included in the analysis covering the 3 years.
In the absence of significant year × soil interaction, the effect of soil series (i.e., Saint Blaise or Sainte Rosalie) on BBP and BBI was consistent from year to year (Table 3 ). The soil series had a significant effect on the proportion of plants with brown bead at low levels of N fertilization (i.e., 85-0-0 and 85-54-0) and at all levels combined. Over all N fertilization levels, there were twice as many plants with brown bead in the Saint Blaise series (13.3%) as in the Sainte Rosalie series (6.7%). The difference between the two soil series was even greater at low N levels. At 85-0-0 N, the plots on the Saint Blaise series had a BBP of 17.9%, compared with 7.4% in the Sainte Rosalie series. The severity of symptoms was similar in the two soil series at all N fertilization levels except the greatest N level (i.e., 85-54-108), at which brown bead was less severe in the Sainte Rosalie series (index of 3.20), compared with the Saint Blaise series (index of 3.92). However, the number of marketable heads was similar in both soil series. There was generally no effect of the previous crop on the proportion of broccoli heads with brown bead or the severity of symptoms (Table 3 ). Only at a low level of N fertilization (i.e., 85-0-0) had the previous crop a significant effect on the severity of symptoms of brown bead. However, no consistent tendency was observed. In 1997, fields with corn or grain crops as previous crops had fewer symptoms than fields that had legumes (soybean or pea), whereas in 1998 and 1999, fields with corn as the previous crop had more symptoms than fields that had pea or grain crops (data not shown).
The ANOVA revealed no significant difference in brown bead incidence or severity between planted or direct-seeded broccoli (Table 3) . However, at 85-54-54 and 85-54-108 N fertilization levels, direct-seeded fields had a higher number of marketable heads than transplanted fields. This may be partly due to the fact that direct-seeded fields had generally higher plant densities than transplanted fields. This is the first report on decreased incidence of brown bead by increased N fertilization. The applications of 85-54-54 N are a standard fertilization practice for high-density plantings of broccoli. Growers should not fertilize at lower rates of N applications if they want to avoid the appearance of brown bead symptoms. Applying higher levels of N, such as 85-54-108, will not decrease further the proportion of plants with brown bead. On the other hand, there is a risk of N leaching, which is likely to be harmful for the environment.
Despite the importance of rotations in broccoli production, the choice of the previous crop or whether the broccoli is seeded or transplanted had no detectable effect on brown bead appearance. The choice of the soil series, however, had an effect on brown bead incidence, especially at lower N fertilization levels. In this study, fields on the fine silt clay series of Saint Blaise had more heads with brown bead than fields on the clay series of Sainte Rosalie. In this particular case, the fields from the Sainte Rosalie series had been better supplied with fertilizer over the years than were fields from the Saint Blaise series, which was newly acquired land. Interestingly, as more N fertilization was supplied to the fields (i.e., from 85-0-0 to 85-54-108), the difference in occurrence of brown bead between the soil series became less important.
In this first study, we looked at the effects of basic management practices on brown bead appearance and severity. The next step is to investigate the relationships between brown bead and meteorological factors, such as temperature, relative humidity, solar radiation, and precipitation, along with soil and tissue nutritional factors. The results of that second study are presented in the companion paper. Table 3 . Probabilities of significance in the ANOVA for the effects of soil, year, previous crop (prev), and planting vs. seeding (plan) on the brown bead incidence and severity, and the number of marketable broccoli heads for the four levels of N fertilization. 
